When oil is produced under high water-cut conditions, oil in water emulsions can be formed. The break-up of oil droplets predominantly takes place in the choke valve. We have conducted laboratory experiments to investigate the effect of flow through a choke valve on the oil-droplet-size distribution in the emulsion. In these experiments the choke is modeled as a circular orifice in a pipe. The droplet sizes after break-up can be correlated to the mean energy dissipation rate per unit mass in the orifice. The experiments have been conducted with two set-ups on a different scale. The relation, which we have derived for the maximum stable droplet diameter downstream of the orifice can be applied to both scales. Furthermore the effect of oil viscosity on the droplet sizes after break-up has been investigated.
Introduction
A problem, which is of great concern to the oil industry nowadays, is the production of water simultaneously with oil. In the North Sea, wells producing at a water cut of 95 % are not uncommon. For these high water cuts the fluids are produced as oil in water emulsions. In these cases, large efforts are needed for the handling of the production fluids. A serious point of attention is the oil concentration in the waste water after separation. In case the oil concentration is above a certain value (of the order of tens of ppm), environmental legislation prescribes that disposal of this waste into the sea is not allowed.
In order to reduce the oil concentration in the waste water, the efficiency of the separation process has to be increased. Separators that are commonly used in oil production are the plate separator, the hydrocyclone and the centrifuge. The efficiency of these separators is a function of the flow rate, dimensions of the separator and the droplet-size distribution of the produced emulsion that enters the separator 1 . For a given separator and flow rate, the separation efficiency is 100% for sufficiently large droplets. For droplets smaller than a certain critical diameter the efficiency decreases with decreasing droplet size. Under normal production conditions this critical diameter varies from approximately 30 µm for a plate separator down to about 5 µm for a centrifuge.
Oil-droplet sizes at the bottom of the well can be of the order of tens of micrometers up to millimeters 2 , which is typically larger than the critical droplet diameter of a separator. At the surface facilities, however, cases are known where droplets smaller than 5 µm enter the separator. These small droplets are formed during turbulent break-up in the choke valve, and stabilized by the various chemical components in crude oil 3 . In this paper laboratory experiments are described to investigate the effect of flow through the choke valve on the oil-droplet size. The emulsification of production fluids in the choke valve has been previously investigated with a smallscale set-up 4 , where the pipe diameter was 4.5 mm. In the current paper, additional experiments on a larger scale are described (pipe diameter of 1.5 cm). These experiments have been conducted in order to investigate the effect of choke size on the break-up process. In this way a relation between choke conditions, oil properties and droplet size is described, which is independent of the scale. Furthermore the effect of oil viscosity is investigated.
Theory
The choke valve is a control valve that is placed in the wellhead of a production system for several reasons. The main purpose of this valve is to control the flow rate. Inside the choke the fluids are forced to flow through a small opening. The fluids accelerate and consequently the turbulent intensity increases, which results in a permanent pressure drop. This pressure drop is used to adjust the production rate. Another purpose of the valve is to create a low pressure at the surface facilities, which is beneficial in connection with the safety demands. The last reason is that in the case of production of
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Orifice. In practice many different choke geometries are being used: fixed bean valve, needle and seat valve, multiple orifice valve, and plug and cage valve. All valves have one thing in common, which is that the fluid is forced to flowthrough a reduced flow area. Although there is an effect of the internal shape of a choke on droplet break-up 5 , we have not looked in this paper at the various shapes, but modeled the choke as a circular orifice in a pipe. In Fig. 1 this geometry is sketched.
Morisson 6 investigated the flow of air through an orifice meter, which has a similar geometry. From his measurements it can be concluded that most of the energy is dissipated in the jet zone downstream of the orifice (the shaded volume in Fig. 1) . Based on this conclusion we have derived 4 an expression for the mean energy dissipation rate per unit mass in the shaded volume, ε:
where ∆p is the pressure drop across the orifice, U o the mean fluid velocity in the orifice, ρ the density of the fluid and ∆x the length of the dissipation zone, which Morisson measured to be approximately 2.5 pipe diameters. For the calculation of the energy dissipation rate in our experiments we will use this value of 2.5.
Break-up.
When a dispersion of oil in water flows through an orifice, droplets can break up. For sufficiently large flow rates, the dominant mechanism is turbulent break-up in the jet zone, and not break-up due to the acceleration in the entrance zone 7 . A droplet present in a turbulent flow will be deformed by inertial forces. These forces are induced by the turbulent velocity fluctuations around the droplet in the continuous phase. An alternative way to describe this it is that these fluctuations induce a dynamic pressure difference across the droplet diameter. This deforming stress is proportional to ρ c (εd) 2/3 , where ρ c is the density of the continuous phase and d the droplet diameter. The deforming stress is counteracted by two stabilizing stresses.
Firstly, the effect of interfacial tension, σ, is to minimize the interfacial area of the droplet. Basically this means that the interfacial tension opposes deformation and tries to keep the droplet in its original spherical shape. The stress induced by this effect is proportional to σ/d.
The second stabilizing stress is a result of the dispersed phase viscosity, µ d . Before a droplet breaks up it first has to deform. This results in internal flow inside the droplet, which is hindered by µ d . The resulting stress is assumed to be proportional to µ d Γ d , where Γ d is the velocity gradient inside the dispersed phase. Various expressions have been proposed for this velocity gradient [8] [9] [10] [11] [12] [13] , all resulting in a different relation for the maximum stable droplet diameter in a turbulent flow.
Oil viscosity. As discussed above, many authors describe the effect of dispersed phase viscosity differently. In the inviscid limit (µ d →0), however, most authors [8] [9] [10] [11] [12] [13] come up with an identical relation for the maximum stable droplet diameter, d max :
This relation can be derived by assuming that for the maximum stable droplet diameter in the inviscid case, the inertial stress is just balanced by the restoring stress induced by the interfacial tension. Hinze 8 argues that Eq. 2 only has to be modified slightly to incorporate the effect of dispersed phase viscosity:
where ϕ is an arbitrary function, which decreases to zero as its argument nears zero. Note that in the inviscid limit Eq. 3 becomes equal to Eq. 2. (4) where u is the magnitude of the turbulent velocity fluctuation around the droplet. From turbulence theory it can be derived that u ∝ (εd) 1/3 . Davies, however, argues that ucan be assumed to be approximately constant. Under this assumption, d max increases with µ d 3/5 for a high dispersed phase viscosity. Again in the inviscid limit Eq. 4 becomes equal to Eq. 2.
In his review article, Walstra 10 presents data on the effect of dispersed phase viscosity. For a fixed µ d , the data follows Eq. 2. Furthermore, it can be derived from his data that for a given energy dissipation rate, d max is proportional to µ d k , with 0.35<k<0.39.
Arai et al. 11 and Das 12 use the Voigt model to describe the turbulent break-up process. In the inviscid limit this results in Eq. 2. For the very viscous limit, when the effect of µ d is dominant over the effect of σ, they derive that:
It should be noted that in the approach of Arai et al. and Das, the power of ε has changed from -2/5 to -1/4. Calabrese et al. 13 describe the break-up process in terms of energy. For the maximum stable droplet diameter, the interfacial energy plus the viscous energy of the droplet is equal to the turbulent energy transferred to the droplet by the continuous phase. In the inviscid limit this yields Eq. 2 for d max . In the very viscous limit they obtain a relation similar to Eq. 5, only ρ c has to be substituted by √ρ c ρ d . Calabrese et al. conducted numerous experiments on turbulent break-up in stirred-tank contactors. For very viscous oils (5 Pa⋅s<µ d <10 Pa⋅s), they obtained the following empirical relation:
It is noted that the measured relation between d max and ε is equal to the one predicted by theory (power -1/4). The relation with µ d , however, is slightly different, the power is 3/8 instead of 3/4.
Experimental Set-up
To investigate the break-up of oil droplets in flow through a restriction we have used two set-ups. The main difference between these set-ups is the size of the pipes and orifices.
Large Set-up. A schematic representation of the large set-up is shown in Fig. 2 . An eccentric screw pump (1) pumps tap water out of a large container of 1 m 3 volume. Downstream of the pump the flow rate is measured (2). The pump has a maximum flow rate of 110 l/min, and is able to overcome a pressure of 12 bar. Part of the water is sucked out of the main flow into a side-track, by means of a gear pump (3). The flow rate in the side-track is measured (4). Oil is pumped by a piston pump into a needle valve (5) , where the oil is dispersed in the water. The droplet-size distribution depends on the water flow rate through the needle valve: with increasing flow rate, the droplet size decreases. After the dispersion has been formed, the flow in the sidetrack is recombined with the main flow. Here the oil concentration is typically of the order of 0.1 vol.%. The pipe diameter in the main circuit is 15.25 mm. To ensure that no droplets break up during the combination of the two flows, the mean velocity in the main flow is decreased by increasing the diameter of the pipe by a factor 3. After recombination, the total flow is gently accelerated by flowing through a slowly converging pipe. Subsequently, the oil-water mixture is directed through an orifice (6) after flowing through a straight pipe of 75 cm. The orifice diameter can be varied between 5 and 11 mm in steps of 2 mm. The thickness of the orifice plate is 3 mm. The pressure drop across the orifice is measured using 16 pressure taps. In this way the pressure distribution from 2.5 pipe diameters upstream to 10 pipe diameters downstream of the orifice can be measured. For the analysis of the data described in this paper we have only used the permanent pressure drop. Downstream of the orifice the mixture flows through a Malvern particle sizer (7) where the droplet-size distribution is measured by means of laser-light diffraction. At the end of the system a control valve is placed (8) . The purpose of this valve is to prevent cavitation to take place in the orifice. In the jet zone of the orifice the pressure can decrease to such a low value that the air, which is dissolved in the water under normal conditions, comes free. By gently closing the control valve, the pressure in the system, and consequently in the orifice, is increased to a value where no cavitation takes place. Finally the mixture is separated in large settling tanks.
Small Set-up. The schematic representation of the small set-up is similar to the one shown in Fig. 2 . The main difference is that instead of a pipe diameter of 15.25 mm, a pipe diameter of 4.5 mm has been used. Furthermore, the maximum flow rate through the system is 1.8 l/min. A detailed description of this small set-up is given in Refs. 4 and 5.
Dispersed Phase Properties. The experiments have been carried out with various dispersed phases. In the large set-up we used Shell Vitrea 9, 46 and 68, which are all three mineral oils. In the small set-up n-heptane and Vitrea 9 and 46 have been used. The properties of these dispersed phases are given in Table 1 . The interfacial tensions have been measured with the DuNouy ring method. The experiments in the large set-up have been carried out with tap water as the continuous phase. For most of the experiments in the small set-up this was demineralized water. In the second column of Table 1 , the interfacial tension between the dispersed phase and demineralized water is given, in the third that between the dispersed phase and tap water. The difference in the values of these two columns is not only due to the difference in demineralized water and tap water, but also to the fact that the dispersed phase has been taken from different batches of oil.
The dispersed phase viscosity is strongly temperaturedependent. Since the size of the injected droplets is rather small (they are in the order of 100 µm) it is assumed that the droplets immediately adapt the temperature of the continuous phase. The temperature of the water in the experiments with the large set-up was 11 °C, in the small set-up it was 18 °C. The reason for this difference in temperature is that the small scale experiments have been carried out in the summer, whereas the large scale experiments were performed during winter. To check the effect of the scale of the set-up one set of experiments has been conducted with the small set-up with Vitrea 46 oil as the dispersed phase and tap water at 11 °C as the continuous phase.
Experimental Procedure. The experiments have been carried out in the following way. First an orifice size and main flow rate through the orifice are selected. Then, for a given flow rate through the sidetrack, the injected droplet size distribution is measured. This is the size distribution of the mixture that flows through the Malvern particle sizer when no orifice is present. Subsequently the distribution is measured with the orifice in place. For both distributions the d 95 is determined, which is the droplet diameter below which 95 vol.% of the dispersed phase is present. The next step is to vary the flow rate through the sidetrack, while leaving the orifice size and main flow rate unaltered. In this way the injected droplet-size distribution is changed. Again the d 95,inj of the injected distribution and the d 95,down of the distribution downstream of the orifice are determined. For a given set of conditions, all these pairs of diameters result in a graph as shown in Fig. 3 
Results and Discussion
In Fig. 3 it can be observed that there is an effect of the droplet size upstream of the orifice on the size after break-up. In Ref. 5 a theoretical model is described, which can be used to simulate this effect. In this break-up model the process is described in terms of time scales. The explanation of the observed effect is that droplets do not remain long enough in the turbulent zone of the orifice to break up to their maximum stable droplet diameter. Hypothetically, when a droplet would re-enter the orifice it would break up even more. The stable distribution, for which is valid that no droplets break up during passage through the orifice, can be characterized by d 95,stable . In the example given in Fig. 3 the procedure for the estimation of this stable diameter is shown. In this specific case this results for Vitrea 46 in a d 95,stable of approximately 100 µm for a flow rate of 50 l/min and an orifice diameter of 9 mm in the large set-up. For all measured conditions the d 95,stable can be determined.
In Fig. 4 the measured values of d 95,stable at various conditions are plotted versus the mean energy dissipation rate per unit mass. In order to determine the power of ε in the expression for the maximum stable droplet diameter, the data is plotted on a log-log scale. In the small set-up the power of ε is -0.41, -0.36 and -0.38 for n-heptane, Vitrea 9 and Vitrea 46, respectively. For the large set-up this power is -0.41 for Vitrea 9 and 46 and -0.42 for Vitrea 68. From Fig. 4 it can be concluded that in the measured range of dispersed phase viscosities, the power of ε does not depend on µ d . Based on the relation that Das 11 derived and which he fitted to the data of Calabrese et al. 13 , it is expected that the power of ε starts to increase from -0.4 for low dispersed phase viscosities to approximately -0.25 for a dispersed phase viscosity of 250 mPa⋅s (Vitrea 46). In the large set-up we measured that the power of ε remains approximately -0.4 up to dispersed viscosities as high as 410 mPa⋅s.
The data obtained with the small set-up show more scatter than the data obtained with the large set-up. We believe that this spread is mainly due to the limited validness of the assumptions, which have been made to calculate the mean energy dissipation rate per unit mass. With increasing pipe diameter and flow rate the flow in our experiments behaves more like the flow described in Ref. 6 , which we used to derive the expression in Eq. 1.
We conclude that the data of our experiments is best described with an expression, which incorporates the following relation, independently of the dispersed phase viscosity:
A consequence of this is that the relations described in Eqs. 3, 5 and 6 are not suitable for the description of turbulent breakup of droplets in our set-up, since these relations result in a power of -0.25 for high values of the dispersed phase viscosity. At first sight, Eq. 4 provides a good relation for the description of our data, in the sense that the power of ε is -0.4, independently of µ d . A closer examination of this expression shows that u in Eq. 4 is not a constant, but proportional to (εd) 1/3 . When this relation is substituted in Eq. 4, the high viscosity limit becomes equal to the expression in Eq. 5. In summary, we conclude that non of the relations, which we found in literature, is able to predict our data.
Based on the discussion given above, we have decided to fit our data with the expression shown in Eq. 2. Since we have not varied the density of the continuous phase, and we did not vary the interfacial tension independently of the dispersed phase viscosity, we assume that the relation between d max and σ and ρ c is as derived in Eq. 2. The constant of proportionality in this equation is assumed to be a function of the dispersed phase viscosity. In Fig. 5 the data is plotted as function of the relation in Eq. 2. The data is fitted with a straight line through the origin. For the small set-up the slope of this line is 0.88, 1.2 and 3.8 for n-heptane, Vitrea 9 and Vitrea 46, respectively. For the large set-up these values are 1.7 for Vitrea 9, 3.1 for Vitrea 46 and 3.5 for Vitrea 68. It can be observed that the slope of the trend line increases with increasing dispersed phase viscosity in each set-up. Now we have found six constants of proportionality for Eq. 2, for six different values of the dispersed phase viscosity. Before we can determine the relation between this constant and µ d , it is important to determine whether the data obtained with the small set-up is in agreement with the data of the large one.
In Fig. 6 three series of data on the stable d 95 of Vitrea 46 have been plotted. Two series are measured with the small setup. In one case de-mineralized water at a temperature of 18°C has been used as the continuous phase, in the other tap water at a temperature of 11°C. The experiments with the large set-up have been carried out with tap water at 11°C. It can be seen in Fig. 6 that all three data sets follow a straight line through the origin fairly well. At first sight, for the data obtained with the small set-up, there is hardly any effect of the temperature of the water on the droplet size. Furthermore, for tap water at 11°C, the small and the large set-up give approximately identical values for d 95 . This indicates that the derived expression for the energy dissipation rate (Eq. 1) is applicable on the small as well as on the large set-up. When the individual sets of data in Fig. 6 are fitted with a straight line through the origin, the following slopes are found: 3.8 for the data obtained with the small set-up and water of 18°C, 3.3 for that obtained with the same set-up and water of 11°C, and 3.1 for the data obtained with the large set-up and water of 11°C. Although the data presumably follows the same trend line, there is a large spread in slopes for the individual series.
As discussed earlier, none of the relations, which we found in literature is able to describe our experimental data. We have fitted our data to the relation described in Eq. 2, and we find that the slope of the trend line, which fits our data on d 95,stable , increases with increasing dispersed phase viscosity. In Table 2 these slopes are given for the various values of µ d . In Fig. 7 this data is plotted. It can be seen that the slope for the Vitrea 46 data, obtained with the small set-up and water at 18°C, does not follow the trend of the other dispersed phases. We do not have an explanation for this deviation. The value of the slope is based upon many measurements, and for all measurements we have used the identical procedure as described in the preceding section.
In Fig. 7 a fit through the data has been plotted. For the fit we have assumed that the n-heptane data represents the ideal case of an inviscid dispersed phase. Furthermore, we assumed that the effect of µ d can be described by a power law. The result of these assumptions is the following expression for the slope:
where A= 0.88, B=4.3⋅10 -2 Pa⋅s and D=0. 6 . We emphasize that there is no physical basis for this expression. More theoretical research is needed to understand and describe the effect of the dispersed phase viscosity in our experiments better.
Conclusions
From our experiments on break-up of oil droplets in flow through an orifice, the following conclusions can be drawn.
1. Droplet sizes downstream of the orifice are correlated to the mean energy dissipation rate per unit mass in the orifice zone. 2. The relation given in Eq. 1 can be used for the calculation of this energy dissipation rate. The relation is applicable for orifices in various sizes of pipes. 3. The expression given in Eq. 2 is a suitable relation to predict the droplet sizes downstream of an orifice. 4. For a given flow rate and orifice size, the stable droplet diameter increases with increasing dispersed phase viscosity. 5. For high values of the dispersed phase viscosity, the relations, which we found in literature do not describe our experimental data. To be able to apply the results of our experiments to real choke valves, it is necessary that a good expression for the mean energy dissipation rate per unit mass is obtained. For this purpose the pressure drop over the choke valve and the flow rate have to be measured. Furthermore detailed measurements of the flow inside the choke valve, or flow simulations using computational fluid dynamics have to be carried out to estimate the volume of the zone in which most of the energy is dissipated. 
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